lower than 4.0 to fall in the cities of southern China, including Chongqing, Guiyang, Fuzhou and Wuhan. Acid deposition is considered a major environmental problem in China, especially in the southern region of the country. Air pollutants directly damage the vegetation (Wang et al., 1996) . Moreover, soil, surface water and groundwater are indirectly affected by long-term interaction with acid rain (Larssen et al., 1999) . Dai et al. (1998) showed that the pH of water shaken with certain soils collected at several sites in southern China decreased in pH from 5.5 in 1956-1962 to 4.5 in 1994. Similar results for the same periods were also reported in a number of studies (e.g., Xue and Schnoor, 1994; Seip et al., 1995 Seip et al., , 1999 Larssen et al., 1999; Qin and Huang, 2001 ; Duan et al., 2001 Duan et al., , 2002 . These results indicate that soil acidification will become a more serious problem in China in the future.
The Sichuan Basin, located in southwestern China, is a fertile, subtropical expanse of low hills and plains at an elevation of 200 to 450 m above sea level. The Sichuan Basin is a bowl-shaped basin covering 200,000 km 2 and is completely encircled by mountains higher than 1,500 to 4,500 m above sea level (Fig. 1) . The combination of a high evaporation rate and cold wind blowing from the Tibetan highlands leads to constant production of clouds, resulting in overcast days for most of the year in the basin. Such clouds also prohibit the exchange of air inside
INTRODUCTION
In China, the rapid growth of both industrial and agricultural production during the last two decades has resulted in serious environmental problems, including air pollution, water pollution, and soil degradation. In a World Health Organization report, eight of the world's ten of most seriously polluted cities were in China (Wang, 2004) .
Coal is a major source of energy in China, constituting approximately 75% of all energy sources. Coal production in 2003 and 2004 was 1.67 and 1.96 billion tons, respectively, making the China a leading worldwide coal producer and consumer (NBS, China, 2004) . Coal consumption is the main cause of atmospheric pollution in China, and sulfur dioxide (SO 2 ) is the major pollutant. According to a report by the State Environmental Protection Administration of China (SEPA, China, 2004), SO 2 emission in China was 13.96 million tones (mt) in 1995, 19 .95 mt in 2000 and 22.55 mt in 2004, indicating an annual growing rate of 5.5%. Larssen et al. (1999) demonstrated that the direct emission of exhaust gas by high S containing coal combustion caused acid rain with pH the basin with the ambient atmosphere. Thus, the anthropogenic pollutants emitted into the air tend to remain inside the basin (Lei et al., 1997) .
Because of the unique geographical characteristics of the Sichuan Basin, the pollutants discharged into the air fall to the ground of the basin with precipitation and as dry depositions, such as suspended particles. The air pollutants therefore enter the water circulation system and affect the quality of both surface water and groundwater. Duan et al. (2000) confirmed that S deposition exceeded the critical load on soil to sustain acid deposition over 25% of China's territory, especially along the lower reaches of the Yangtze River, in the Sichuan Basin. Zhao et al. (2001) showed that the pH of soil water (collected from lysimeter) and the pH of surface water in a forested area outside the city of Chongqing, one of the most heavily polluted cities in China, were between 3.9-4.5 and 4.7-5.3, respectively. These pH ranges are only slightly higher than that of precipitation (3.8-4.2) . At the same time, they demonstrated that a significant amount of SO 4 2-(10-12 gS m -2 yr -1 compared to the average of 1.0 gS m -2 yr -1 in China) had been adsorbed in the examined soils and that the adsorption capacity for further SO 4 2-was low in the upper layer of these soils. The range of SO 4 2-deposition is similar to that found in the most polluted areas of Europe during the period from the late 1970's to the early 1980's (Seip et al., 1999) . Both polluted precipitation and dry fallout of pollutants are introduced into the surface water and groundwater draining out of the basin. Moreover, wastewater originating from industrial, agricultural, and urban waste has been dumped into the natural water systems in many mid-sized cities along the Yangtze River (Wang, 2004) , causing direct surface water and groundwater pollution. Since groundwater is one of the most important water resources for sustaining life, i.e., for drinking purposes, in this area, groundwater pollution is a serious environmental problem that affects the quality of living.
Although a number of studies related to environmental pollution have examined the Sichuan Basin, previous studies did not evaluate the groundwater quality in relation to air and soil pollution. In order to estimate the influence of anthropogenic pollutants on groundwater quality in the Sichuan Basin, we herein investigate the chemical composition and stable isotopic ratios (H, O and S) of groundwater from the recharge area to the area of water discharge from the basin along the Minjiang River, and we present the analytical results for groundwater and surface water from the recharge area to the center of the basin, where the first large city, Dujiangyan, is located. Based on the analytical results, pollutant sources of the groundwater are discussed in relation to the groundwater circulation. Atmospheric pollutants of groundwater in the Sichuan Basin, China 105
GEOGRAPHICAL SETTINGS AND SAMPLE LOCATIONS
The Yangtze River flows along the western and southern borders of the basin. The Minjiang River, one of the major tributaries of the Yangtze River that flowing from north to south in the basin, joins Yangtze River at the city of Yibin (Fig. 1) . The water samples examined in the present study were collected from the source area of the Minjiang River and the suburban area of Dujiangyan (Fig. 1) . In the source area, located at altitudes between 2,900 and 3,550 m (Fig. 2) , temperatures range from -24.7 to 30.6°C, and the average annual temperature is 4°C. More than 70% of the 760 mm of annual precipitation falls during the period from May to September (National Climatic Data Center: WMO #561820 SONGPAN). The basement rocks of this area comprise a greater than 4,000-m thick Paleozoic sedimentary formation consisting mainly of carbonate rocks, at least 1,000-m thick Mesozoic sedimentary formations composed of a variety of cataclastic rocks, and more recent Cenozoic deposits consisting of alluvial gravels, glacial moraines, and carbonate rocks composed of limestones and dolostones (Li et al., 2003) . The groundwaters used by the local people come from springs issuing from the slopes of mountains or wells that draw from the shallow aquifers in the uppermost alluvial sediments.
Alongside the Minjiang River, Dujiangyan is famous for the Natural World Heritage Site at Mount Qincheng and the Dujiangyan Irrigation System. The city is developed on an alluvial fan deposit where the Minjiang River emerges at the bottom plain of the basin at an altitude of 660 m (Fig. 3) . The western edge of the bottom plain is bordered by hills as high as 1,500 m. The annual average temperature is approximately 16.4°C. The annual precipitation is approximately 1,100 mm, most of which is concentrated in the summer (May to September). Fertile soils and abundant rainfall provide good agricultural conditions for growing rice and wheat. The basement rocks beneath the soil are Carboniferous to Middle Triassic carbonate rocks and Upper Triassic clastic rocks (Li et al., 2003) . Groundwater aquifers in the alluvial deposits are studied, and the groundwater level generally ranges from depths of 2.0 to 6.0 m from the ground surface. Atmospheric pollutants of groundwater in the Sichuan Basin, China 107 
SAMPLING AND ANALYTICAL METHODS

Samples and pretreatments in the field
Forty-five groundwater samples, one snow sample and one rainwater sample were collected in March 2003 (end of the dry season). One hundred and seven groundwater samples, five river water samples and two rainwater samples were collected in September 2003 (end of the rainy season). Other rainwater samples were collected in February, July and August 2003 (Table 1) . Snow sample was collected immediately after the snowfall. All samples from wells and springs (except W12, which was collected only in March) were also collected in September. The sampling locations of groundwater and river water are shown in Figs. 2 and 3. River water was collected from five different locations along the upper part of Minjiang River (Table 2) .
After filtration through a 0.45-µm Millipore membrane filter in the field, sample waters were stored in two bottles: one of which was acidified with 1:1 HCl (for the analyses of cations) and one that was untreated (for the analyses of anions, hydrogen and oxygen isotopes). An additional aliquot of 1~2 L of water was sampled, to which 10~20 mL of 1:1 HCl was added for the preparation of S isotope analysis, and the sample was filtrated latterly in lab.
Analytical methods
Immediately after sample collection, pH, DO, EC, ORP and temperature were measured in the field using 6066-10C, 9551-20D, 9382-10D, and 9300-10D (HORIBA) electrodes, respectively. Alkalinity was also determined in the field by titration with hydrochloric acid. In the laboratory, Ca 2+ and Mg 2+ were analyzed by EDTA titration. Na + and K + were analyzed by atomic absorption spectrophotometry (SAS7500, Seiko Instruments), and anions (F -, Cl -, NO 3 --N, PO 4 3-and SO 4 2-) were analyzed by an ion chromatograph (DX-120, DIONEX).
The oxygen isotopic compositions of water were measured using an automated CO 2 /H 2 O equilibration method (Epstein and Mayeda, 1953) . The analytical precision was <0.1‰. The hydrogen isotope analysis of water was performed by the U-reduction method (Friedman, 1953) for the samples collected in March and by the Cr-reduction method (Itai and Kusakabe, 2004) for the samples collected in September. The analytical precision for the duplicated samples was <0.5‰ for the U-reduction method and <1.0‰ for the Cr-reduction method.
SO 4 2-in the acidified and filtrated water samples was fixed as BaSO 4 by adding a 10% BaCl 2 solution for S isotope analysis. The S isotopes of fertilizers used in the research area were also determined for the purpose of comparison with those found in the examined groundwaters. A mass of 20 g of fertilizer (superphosphate: Ca(H 2 PO 4 ) 2 ·H 2 O + CaSO 4 ) was dissolved in 500 mL of pure water and was acidified with 5 mL of 1:1 HCl. SO 4 2-was recovered using the same procedure as that used for groundwater. The precipitated BaSO 4 was collected on a 0.45-µm Millipore membrane filter and was then dried in an oven at 60°C for two hours. The BaSO 4 was thermally decomposed to SO 2 using the method described by Yanagisawa and Sakai (1983). The analytical precision for δ 34 S was <0.2‰. The isotopic ratios were measured using mass spectrometers: VG SIRA10 for δD and δ 
RESULTS
Major chemical composition
The total ion concentrations of the Minjiang River water in the uppermost area were approximately the same as those of rainwater (Tables 1 and 2 ). The concentrations of Cl -, NO 3 --N, SO 4 2-and K + in river water gradually increased toward Songpan County and were higher in Dujiangyan than in the source area ( Table 2) .
The groundwaters in the source area showed Ca 2+ -HCO 3 -dominant chemistry ( 2-. The Ca 2+ and Mg 2+ contents in the groundwater samples collected from the source area and that collected from Dujiangyan were in the same range, whereas the concentrations of the other ions, particularly Cl -, NO 3 --N, and SO 4 2-, increased in different degrees toward downstream (Appendices 1 and 2).
High concentrations of Cl -, NO 3 --N, and SO 4 2-, together with Na + and K + , were observed in the well waters collected from the center of Chuanzhusi (samples W23, W24, W59, W66 and W67), which is the uppermost town (population: approximately 5,000). Similarly, high concentrations of the same chemical components were observed in the two well water samples collected at the center of Songpan County (W28 and W29). Phosphate (PO 4 3-) was detected in these two well water samples. The NO 3 --N concentration of sample W28 was up to 60 mg/L, which is six times higher than the Chinese drinking water standard. Sample W28 was also high in Cl -(101 mg/L), SO 4 2-(62 mg/L), Na + (84 mg/L), and K + (88 mg/ L).
In the suburban area of Dujiangyan, the major element chemistry of well water consisted mainly of Ca 2+ -HCO 3 - (Fig. 4 , No. 2; Appendix 2), which is identical to the chemistry of the source area. The well water samples containing high Cl -, NO 3 --N, SO 4 2-, Na + and K + contents were divided, based mainly on the NO 3 --N concentration, into two groups: the concentration of group one was lower than 10 mg/L (W84, W86, W87, W100, and W114) and the concentration of group two was higher than 10 mg/L (W33, W43, W44, W73, W83, W90, W99, and W108). All of the group-one samples were collected from wells located inside residential houses. The range of SO 4 2-concentration was similar for both groups.
The seasonal variation of chemical compositions of the examined water samples was generally not clear. The three NO 3 --N rich well water samples collected in Dujiangyan (W33, W43, and W44), however, showed higher levels of Cl -, NO 3 --N, SO 4 2-, Na + and K + contents during the rainy season compared to the dry season. 
Hydrogen and oxygen isotopic ratios
The hydrogen and oxygen isotopic ratios of the waters were plotted on a conventional δD-δ 18 O diagram (Fig. 5) . The δD and δ 18 O ratios of snow were -133 and -18.4‰, respectively, and those of the rainwater sampled in the source area in September, 2003 were -113 and -15.0‰, respectively (Table 1) . These values were the lowest among the samples collected during each sampling period. The δ 18 O ratios of river water samples collected in September were in a narrow range between -12.8 and -13.1‰ ( Table 2 (Table 1 ). The river water samples had the lowest range of δ
18 O values, -12.8 to -13.1‰, which was similar to the groundwater samples collected in the source area. In Dujiangyan, the groundwater samples were separated into two categories separated by the δ 18 O ratio of -9.0‰ (Fig. 5) . The samples collected at the foot of Qincheng Mountain, to the west of the Minjiang River, had relatively high δ 18 O values (-8.3‰ to -8.9‰ in March and September) among the Dujiangyan samples. The others had δ
18 O values lower than -9.0‰, which were distributed between those of the river water and rainwater samples, indicating the mixing of these two waters (Fig. 5) .
Sulfur isotopic ratio of sulfate
The SO 4 2--S in the examined water samples had a wide range of δ 34 S values of between -7.9 and +9.8‰ in the source area (Fig. 6) , and no seasonal variation was observed. Relatively high δ 34 S values (+6.0 to +9.1‰) were observed in well water samples containing high amounts of SO 4 2-collected in the center of Chuanzhusi Town and Songpan County. In contrast, the majority of δ 34 S was within a narrow range between +1.0 and +5.0‰ for the water samples collected from Dujiangyan, and the average was +2.5‰ (standard deviation, ±1.2‰, n = 22) in March and +2.9‰ (standard deviation, ±1.8‰, n = 63) in September (Fig. 6) . These values have no apparent correlation with the SO 4 2-concentrations or the sampling locations.
DISCUSSION
Distribution of major pollutants in groundwater
The rainwater samples collected from the source area had the lowest concentrations of Cl -, NO 3 --N and SO 4 2-among the examined water samples (Fig. 7) . The average anion concentrations increase in the order of rain, river and groundwater. Since there are no large industrial plants in the source area, the precipitation is minimally affected by anthropogenic activity among the examined water samples, and evaporation is the main factor controlling the enrichment of dissolved salts. In the uppermost town, Chuanzhusi, which contains a number of hotels and restaurants built during the last decade to accommodate tourists visiting the Natural World Heritage Sites of Jiuzhaigou and Huanglong, waste water was discharged without sewage treatment. The well water samples collected from inside of the hotels and restaurants (W23, W24, W59, W66 and W67) had high concentrations of Cl -, NO 3 --N, SO 4 2-and Na + , indicating groundwater contamination by waste water from these facilities. In the center of Songpan County, samples collected from two low-lying wells (W28 and W29) contained PO 4 3-, which were most likely derived from household waste water including detergent and excrement. Overall, the groundwaters were not seriously polluted in the uppermost part of the examined area. However, waste water discharged from hotels, restaurants and households occasionally contaminated the adjacent well water.
The average SO 4 2-concentration of groundwater (37.7 mg/L) is slightly lower than that of rainwater (39.0 mg/ L), whereas the SO 4 2-content of all of the river water samples was similar to that of the river water sampled from upstream. Thus, the main source of SO 4 2-of the groundwaters in Dujiangyan appears to be air pollutants precipitated by local rains, which are mixed by water recharged upstream. Since the NO 3 --N concentrations of rainwater (7.5 mg/L) and groundwater (5.8 mg/L) are similar (Fig. 7) , air pollutants also appear to be a source of NO 3 --N of the groundwater, as suggested by Streets and Waldhoff (2000), who reported the effects of NO x emission on soil and water in China.
The high Cl -and Na + contents among the examined well water samples may have originated from household waste water. The well water samples collected from in or near residences (W83, W84, W86, W87, and W108) had Cl -and Na + contents in proportions of approximately 1:1 (Fig. 8) . The well water samples collected near farmland may have been affected by fertilizers, because two of the above five well water samples, W86 and W87, which were collected further from farmland, had lower NO 3 --N contents than the other samples. Ammonium bicarbonate (NH 4 HCO 3 ) and urea (CO(NH 2 ) 2 ) are often used as fertilizers in this area. The higher concentration of NO 3 --N compared to SO 4 2-in the well water samples may be due to the oxidation of NH 4 + in these fertilizers. In order to precisely estimate the sources of NO 3 -, however, N isotopes should be analyzed.
Mixing of different recharged waters in Dujiangyan groundwater
As noted before, the groundwaters of Dujiangyan have two endmember recharged waters. Mass balance was calculated in order to estimate the mixing ratios of the water originating from upstream of the Minjiang River and local rainwater into the well water. Thus, we have:
where f river and f rain denote the fractions of river water from upstream and local rainwater, respectively. Assuming that the δ 18 O values of river water from upstream and local rainwater are -12.9‰ and -8.2‰ (both are the average during the sampling period), respectively, then the contributing fractions of local rainwater to well water are 11-40% during the dry season and 15-79% during the rainy season. The higher contribution of local precipitation to groundwater in September, the end of the rainy season, probably reflects the short residence time (estimated to be a few months) of the examined groundwaters, especially at the foot of the western mountain.
Main sources of sulfur in groundwater
The S isotopic ratios are useful for determining the sources and movement of S species in hydrologic circu- 2-formed by oxidation of pyrite disseminated in the local rocks, and between +15‰ and +23‰ for SO 4 2-originating from the dissolution of evaporites, whereas the δ 34 S of anthropogenic SO 4 2-from industrial effluents and fertilizers varies within the range of from +1‰ to +8‰. In addition, sea salt (δ 34 S = 20‰) is an important source of SO 4 2-in the subareal water system (e.g., Pearson and Rightmire, 1980). However, the S species originating from sea salts were insignificant in the examined water samples because the Sichuan Basin is located approximately 700 km inland from the coast of China. Mukai et al. (2001) demonstrated that the S contribution from coal combustion and soil is much higher than that from sea salt in the inland area of China.
The five well water samples collected from inside hotels or restaurants at the center of Chuanzhusi Town have relatively high δ 34 S values among the examined groundwaters (+6.0‰ to +9.1‰) (Figs. 3 and 6 ). As household waste is known to have contaminated these groundwaters, the δ 34 S values must be indicative of waste water.
Moncaster et al. (2000) reported that the δ 34 S values of fertilizers (superphosphate) in England was between +5.4‰ and +8.5‰. Mizota and Sasaki (1996) reported the δ 34 S of ammonium sulfate and single superphosphate in commercial fertilizers to be +10.2‰ in Japan and even higher, +15.7‰ to +20.7‰, in New Zealand and Australia. The δ 34 S of artificial fertilizers collected in the Emeishan area of the southwestern Sichuan Basin are +7.1‰ and +8.9‰. Masuda et al. (2000) observed that the δ 34 S of well water and springs in farmland in the same area ranged between +6‰ and +10‰. Thus, fertilizer is likely to have affected the S isotopic value of the examine groundwater, e.g., +9.8‰ in the W19 sample collected from the well located to farmland probably indicates fertilizer as the main source of S. The δ 34 S of the SO 4 2-in the groundwaters of Dujiangyan generally ranged from +1.0‰ to +5.0‰ (mean +2.5‰ and +2.9‰ in March and September, respectively). This relatively narrow range may reflect a single source of S. The δ 34 S of rainwater samples collected in the suburban area of Dujiangyan were between +1.9‰ and +4.0‰. The δ 34 S of coal used in the Emeishan area ranged from +1.5‰ to +4.7‰ (+4.1‰, +1.5‰, +3.2‰, +2.5‰, and +4.7‰), and that in Chengdu was +2.2‰. The δ 34 S values of rainwater and coal samples were similar. In the Emeishan area, where groundwaters were less affected by fertilizer, the δ 34 S ranged between +3.0‰ and +4.0‰, and is presumed to have originated from air pollutants (Masuda et al., 2000) . Thus, the SO 4 2-in the groundwaters of Dujiangyan appears generally to have originated from air pollutants emitted into the atmosphere inside the basin.
Ohizumi et al. (1997) reported that the δ 34 S of the S generated by Chinese coal combustion is generally higher than 0‰ and averaged at +6.9‰. Mukai et al. (2001) demonstrated that the average δ 34 S of SO 2 and SO 4 2-in the atmosphere in China were similar to those of the types of coal used, and concluded that the SO 4 2-in the precipitation and dry depositions originated mainly from the oxidation of SO 2 gas from coal combustion, although the δ 34 S of the types of coal used north of the Yangtze River are highly variable, ranging from -27.3‰ to +28.9‰, with an average of +7.8‰, whereas that of Chongqing was -0.3‰ (Maruyama et al., 2000) . Yu and Park (2004) obtained the δ 34 S of the dissolved SO 4 2-in the surface water in the Chuncheon area of Korea, which ranged from +3.2‰ to +6.2‰ and was similar to that of the local meteoric water (+3.4‰ to +8.2‰). Thus, they concluded that most of the dissolved SO 4 2-in the surface water originated from meteoric input. Including the results of the above-mentioned studies, the principal anthropogenic S source affecting the environment is supplied by coal combustion over a wide area of the East Asia The results of the present study clearly show that air pollutants are the main source of SO 4 2-in the examined groundwater samples, as has been observed in several places in East Asia, as described above. An important finding of the present study is that the effect of pollutants is not limited to surface water, but also affects groundwater.
Sulfur deposition in the Sichuan Basin
The average S content of the types of cola consumed in China is 1.2%, whereas that in the Sichuan Basin is 2.8% (Larssen et al., 1999) . The largest emitter of SO 2 from coal combustion remains in the basin due to the unique topographic features of the basin (Li and Gao, 2002). Yanagisawa et al. (2003) reported that rainwater collected at altitude 2,600 m of the Emeishan area, on the southwest edge of the basin, contained 3 mg/L SO 4 2-and that no SO 4 2-was detected in rainwater above that altitude. They therefore assumed that approximately 100% of the emitted S was finally deposited within the basin.
Such a large emission of S into the basin air has resulted in strongly acid rain. The SO 4 2-concentration of the rainwater was as high as 100 mg/L (av. 72.5 mg/L during the dry season) in February and close to 30 mg/L (max. 29.6 and av. 16 .4 mg/L during the rainy season) in August (Table 1) . During the dry season, the pH of the rainwater decreased to as low as 4.1 (Larssen et al., 1999) . Whereas, the recharge of rainwater into groundwater was smaller during the dry season (11-40%) than during the rainy season (15-79%). The precipitation during the twomonth period spanning February and March was 74 mm, and that during the three-month period spanning July, August and September was 540 mm (the National Climatic Data Center). Use the average SO 4 2-concentration of rainwater multiplied by the precipitation and the recharge ratio of rainwater that contributed to the groundwater during different seasons, the resulting amount of SO 4 2-in the groundwater was approximately 0.59-2.15 gS m -2 during the dry season and 1.33-7.00 gS m -2 during the rainy season. Although coal consumption is larger in the winter (dry season) than in the summer (rainy season), the total amount of S flux into the groundwater by wet deposition was much greater during the rainy season than during the dry season. Alternatively, this may indicate that a large quantity of S was deposited as dry fallout and that the direct effect of acids in the atmosphere is serious during the dry season. Based on the emission data and field experiments, the results from Li and Gao (2002) indicate that, on a regional scale in southern China, 30-40% of the total S deposition occurs through dry deposition. As reported by Chen (1993) , in Sichuan province, the wet deposition of S ranged from 2.6 to 19.4 gS m -2 yr -1 and the dry deposition ranged from 1.7 to 39.7 gS m -2 yr -1 . It is apparent that both wet and dry S depositions have serious effects on groundwater quality.
CONCLUSIONS
The major chemical composition of the groundwater samples from the source area to Dujiangyan along the Minjiang River is of Ca 2+ -HCO 3 -type. The source area is a relatively pristine location, and groundwater pollution only appears at the center of Chuanzhusi Town and Songpan County, due to contamination by household waste water.
Groundwaters in Dujiangyan and the surrounding area, the uppermost densely populated city developed on the alluvial fan deposits, were a mixture of upstream water along the Minjiang River and local precipitation. The overlapping δ 34 S values of SO 4 2-in rainwater and groundwater samples reveal that the SO 4 2-in the examined groundwater samples originated mainly from air pollutants emitted into the atmosphere inside the basin. Although NO 3 -was occasionally found to be a groundwater contaminant and its average content was found to be similar to that of rainwater, the source of N remains unclear. 
